Purpose: It is not clear whether emmetropization is confined to spherical refractive errors, or whether astigmatic errors are also corrected via visual feedback. Experimental results from the animal model of the chicken are equivocal since compensation of imposed astigmatic defocus was found in some but not all studies. Astigmatism could only be compensated by changes in the geometry of the cornea or lens. One has tested whether astigmatic spectacle lenses induce astigmatic accommodation as a possible first step of long-lasting compensation. Methods: Thirty-five chickens were treated with cylinder lenses ( + 3/0D or −3/0D) for 5 h. Refractions were determined at 1.38 m distance without cycloplegia in hand-held chicks before attaching the lenses, with the lenses on (0 h), and after 3 and 5 h, and after removal of the lenses. Spheres (S), cylinders (C) and axes (A) were determined using infrared photoretinocopy in three axes (the 'PowerRefractor', equipped with a 135 mm lens). Results: (1) The performance of the 'PowerRefractor' was tested in the chickens with trial lenses and gave correct refractions. (2) Astigmatic trial lenses induced refractive errors as expected from their powers in the case of + 3/0D lenses: (S) +3.269 0.93D, (C) − 3.459 0.87D). In the case of −3/0D lenses, slightly more hyperopic spheres were induced (refractions (S) +4.59 0.48D) but the cylinders were still as expected ( −3.25 90.49D). The axes of astigmatism were correctly reproduced, since rotating the lenses changed the axes of the induced cylinders as expected. The most intuitive mechanism for compensation of astigmatic refractive errors, astigmatic accommodation, could not be demonstrated in chickens. In light of this finding, it seems unlikely that a visually controlled mechanism is operating during development to reduce astigmatism by changing corneal or lenticular growth.
Introduction
It is known that the tuning of the axial length of the eye to its focal length, which determines spherical refractive errors, is under visual control (i.e. Wallman, 1994) . It is not clear, whether the same is also true for cylindrical refractive errors (Smith, Huang, & Hung, 1998) . It is obvious that astigmatism declines during childhood (Howland, Atkinson, Braddick, & French, 1978; Mohindra, Held, Gwiazda, & Brill, 1978) but nothing is known about the underlying mechanisms. There are complex interactions between axial eye growth and astigmatism since children with astigmatism against the rule have a higher risk to become myopic than children with astigmatism with the rule (Gwiazda, Thorn, Bauer, & Held, 1993) .
To identify the underlying mechanisms, animals have been treated with astigmatic spectacle lenses to determine whether their eyes can compensate the imposed refractive error. The results were equivocal. In chickens, Irving, Sivak, and Callender (1992) , Irving, Callender, and Sivak (1995) found some compensation, but the magnitude of the effect varied with the axis of the imposed cylinders. Both Schmid and Wildsoet (1997) A preliminary account of the study was presented at ARVO 2000.
and Laskowsky and Howland (1996) found changes only in the spherical refractive errors which were dependent on the axes of the imposed astigmatism. McLean and Wallman (1997) found that even severe imposed astigmatism did not prevent the eye from compensating superimposed spherical errors. They also found a significant shift in the hyperopic direction despite that the astigmatic lenses used had a spherical equivalent of zero. In rhesus monkeys, Smith et al. (1998) found that 'imposed astigmatism interferes with the emmetropization process' (causing astigmatism and generally more hyperopic spherical equivalents) but found no indication of a vision-dependent 'sphericalization process'.
It is clear that the compensation of astigmatism requires changes in the geometry of the cornea and/or the crystalline lens. Given that emmetropization in animal models is largely based on a direct transversal transmission of growth signals from the retina through the fundus, it is difficult to imagine how the growth in the anterior segment of the eye can be controlled in a meridionally different way. One possible mechanism is neuronal: if astigmatic accommodation would be possible and would initially compensate for imposed astigmatic refractive errors, the meridionally different tension in the zonular fibers on the lens or of Crampton's muscle on the cornea could finally merge into meridionally different growth. It is known that mechanical stress can affect the growth of tissue (e.g. Bingmann, 1999) . To test this hypothesis, natural accommodation has been measured in alert chickens wearing astigmatic lenses, with special attention to the induced changes in the astigmatism of the eye.
Material and methods

Animals and treatment
White leghorn chickens were obtained from a local hatchery in Suppingen/Germany on day 1 post-hatching. They were kept in the animal facilities of the department until day 229 2. Spheres, cylinders and axes of astigmatism were determined in alert animals which were held in the hand of the examiner at about 1.38 m distance from the camera of the infrared photorefractor. The refraction procedure took about 1 min per eye because the cooperation of the chicks was not always optimal and 3-5 readings were taken for statistical reasons. After the initial refractions, the animals obtained leather hoods as previously described (Schaeffel, Glasser, & Howland, 1988) and astigmatic lenses were attached. The axis of the cylinder lenses was marked so that the axis of the induced cylinder was known. The refractive states were determined with the lenses first in place and after 3 and 5 h. After 5 h, the lenses were removed and the refractions measured without lenses. To test the accuracy of the refractor in measuring spheres, cylinders and axes, astigmatic lenses (− 3/0D and + 3/0D) were rotated in 30 deg steps in front of the eyes and the refractions determined for each angular position. In addition, spherical lenses of different powers were attached and the measured refractions were compared to the expected refractions. A total of 35 chickens participated in the study.
Infrared photorefractor
The photorefractor was a portable eccentric photorefractor which can sample refractions, pupil sizes and directions of gaze of both eyes at 25 Hz. The machine (the 'PowerRefractor') was developed at the University Eye Hospital Tuebingen and is commercially available through MultiChannelSystems (www.multichannelsystems.com). It determines astigmatic refractive errors by measuring refractions twice in three meridians, once for each opposing positions of the knife edge of the retinoscope (Gekeler, Schaeffel, Howland, & Wattam-Bell, 1997 ). The machine is optimzed for use in humans and monkeys. In young chickens, the brightness of the pupils during the photorefraction is too low to permit reliable measurements. Three factors were adapted to overcome this problem: (1) chickens older than 2 weeks were chosen because they have brighter pupils during photorefraction than very young ones (Schaeffel, Howland, & Farkas, 1986) ; (2) the refractor was equipped with a 135 mm lens rather than the standard 50 mm lens and the measurement distance was increased from 1 to 1.38 m; (3) since the feathers of the chickens had much higher reflectivity in the infrared waveband than a human face, the video image processor's thresholds were not appropriately set by the software which made the detection of the pupillary margins difficult. To overcome this problem, the chickens looked through a hole with a diameter of 25 mm which was cut in a dark green cardboard positioned perpendicular to the optical axis of the camera at about 1.35 m distance.
Refractions are given in the negative cylinder convention. The orientation of the least myopic meridian is defined as the cylinder axis, the sphere is the refraction of the least myopic meridian, and the cylinder is the difference between the least myopic and most myopic meridian, given as a negative value.
Statistics
If the same eyes of animals were compared over time, paired t-tests were used. Comparisons among different individuals were done using unpaired t-tests. With negative lenses, the amount of hyperopia was higher than expected (data from n =8 chickens). Error bars denote S.D.s (as in all subsequent figures).
Results
Reliability of measurement
With no lens in front of the eye, the chickens had an average refractive state of sphere + 3.29 1.1D and cylinders of −0.990.4D, n =8 chickens (Fig. 1) . If lenses with only spherical refractive power were held in front of the eye, the magnitude of the measured cylinders remained unchanged (triangles, Fig. 1 ). Positive lenses induced relative myopia as expected from their powers (slope of the linear regression of measured refraction (y) versus positive lens power (x): y = − 1.01x + 3.3). However, with negative power lenses, less hyperopia was induced than expected (Fig. 1) . The most likely explanation for this discrepancy is that the chickens partly accommodated to compensate for the lenses.
If astigmatic lenses (+3/0D or −3/0D) were held in front of the eye, the measured cylinders about matched the expectations. In both cases, the cylinder increased from 0.9D (without lens, Fig. 1 ) to − 3.28D and − 3.20D, respectively (Fig. 2a: + 3/0D lenses, Fig. 2b : − 3/0D lenses).
When the axes of the lenses were rotated (to 30, 45, 90, 120, 150 or 180 deg, some variability in the magnitudes of the measured cylinders was observed, but there was no significant deviation from the expected values. The variability is attributed to the fact that the animals were hand-held, and that it was not possible to adjust the orientation of their eyes better than 9 10 deg. When the lenses were turned, the measured axes moved as expected from the axes of the lenses (Fig. 3a: + 3/0D lenses, Fig. 3b : − 3/0D lenses). There was a satisfactory correlation between measured (y) and expected axes (x) (Fig. 3a : y = 1.0x +0.7, R= 0.987; Fig. 3b : y= 1.07x − 7.0, R= 0.984). These results indicate that the PowerRefractor measured the refraction of the chickens correctly within the range of measurement noise generated by eye and head movements. It is clear that the results are not different from those in Fig. 4 . Because the cylinder axes with the lenses in place showed little variability (see Fig. 3 ), the measured axes of cylinder could be simply averaged and compared with the expected axes (Table 1) . Also, the axes of astigmatism before the lenses were attached and after their removal could be compared. Because there was little astigmatism, the variability of the axes was higher without lenses. Directly after removal of the lenses, the refractions did not differ from their start-up values (with +3/0D lenses: 96949 vs. 1139 45 deg; with − 3/0D lenses: 789 24 vs. 131935 deg). The comparisons did not reveal significant differences, indicating that the chickens' accommodation did not change cylinder axes. 
Effects of astigmatic lenses on accommodation
Spherical and cylindrical refractive errors of the chickens without lenses are shown in the leftmost bars in Fig. 4 . The spherical refractive errors (light gray bars) were around + 3D hyperopic, the cylinders (white bars) were between −0.5 and −1.0D. When + 3/0D lenses were attached, the measured spheres did not change significantly (dark gray bars) but the cylinders increased from about − 0.75 to about − 3.5D. When the chickens were measured again after 3 h, the magnitudes of both spheres and cylinders had not significantly changed, indicating that the chickens did not change their accommodation behavior. The same was true after 5 h of lens wearing. After removal of the lenses, no differences were found with respect to the refractions at the beginning of the experiment. The experiments were repeated for three different orientations of the axes of the attached lenses (0, 45, 90 deg; Fig. 4) . It is clear that the accommodation did not compensate for the imposed astigmatism, for none of the tested orientations of the axes.
The experiments described in Fig. 4 were repeated with the −3/0D lenses, again with three different orientations of the axes of the attached lenses (Fig. 5) . Fig. 4 , only that the lens powers were − 3/0D. In this experiment, the number of chicks was 17.
Discussion
It has been found that astigmatic lenses do not trigger astigmatic acommodation in chickens, even if the lenses are worn for 5 h. It was found that the 'PowerRefractor' provided reasonable precision of measurement in chickens older than 2 weeks without changes in its calibration, given that the focal length of its lens is adapted.
If accommodation cannot compensate for imposed astigmatism, it is difficult to imagine how emmetropization could compensate for astigmatic refractive errors. It seems more likely, that the gradual loss of astigmatism with age (described in humans (Howland et al., 1978; Mohindra et al., 1978) , monkeys (Smith et al., 1998) and chicks (Schaeffel, Hagel, Eikermann, & Collett, 1994 ) is a matter of geometrical scaling rather that active visual feedback control. In line with other studies (Laskowsky & Howland, 1996; Schmid & Wildsoet, 1997) , the present results do not support the conclusion of 'astigmatic emmetropization' proposed by other authors (Irving et al., 1992 (Irving et al., , 1995 . To explain 'astigmatic emmetropization' by retinal growth control, biochemical messengers would have to diffuse from the fundal layers to the anterior segment of the eye in dependence of the meridian. This is difficult to imagine. If accommodation would have been astigmatic, 'astigmatic emmetropization' could have been explained in terms of mechanical effects on the growth of the corneal or lenticular tissue. The result would have been nice because it would help to explain the partial compensation of corneal astigmatism by the crystalline lens, described for human eyes (Artal & Guirao, 1998) . That accommodation becomes astigmatic with the lenses in place only after longer periods of time seems unlikely, given that accommodation is very fast and powerful in birds.
One possible explanation to reconcile the different effects of cylinder lenses on spherical and cylindrical refractive errors in previous studies could be that the spherical equivalents of the cylinder lenses (at the 'circle of least confusion') determined the match of the eye length to the plane of the focus, rather than the cylinder itself. The literature is not unequivocal but perhaps only Schmid and Wildsoet (1997) had enough data to make the conclusion that 'the eyes treated with +10/ 0D or − 10/0D lenses adapted their spherical refractions to the most myopic meridians, and not to the spherical equivalents'. Laskowsky and Howland (1996) used very powerful lenses (− 12 to + 16D) and found increasing axial elongation and myopia with the negative cylinder lenses but only if the cylinder axis of the lenses was at 0 deg. No astigmatism was induced. Irving et al. (1992) used toric contact lenses (0/−9D) at four different orientations. They found the strongest effect on refractive development when the axis was at 45 deg but, in this case, astigmatism was induced with the axis coincident with the axis of the inducing lens. They also showed that astigmatism was corneal in nature and that eyes treated with (0/−9D) lenses showed a shift to more myopic refractions. They point out that the number of birds was low (n = 4) and that the variability was generally high but they still conclude that astigmatism was compensated. Schmid and Wildsoet (1997) found extreme natural astigmatism in hatchling chicks (about 8D) and observed its decline with age, similar to observations in humans but they did not find active astigmatic compensation. The data in the present study cannot be taken to make the decision whether the eyes emmetropize for the spherical equivalent or for the most myopic meridian (even though the spherical equivalents were + 1.5D in the case of the + 3/0D lenses and −1.5D in the case of the − 3/0D lenses) because the treatment periods were too short to induce changes in the growth of the vitreous chamber.
